INTRODUCTION
More than 100 species of human pathogenic viruses are present in fecal-contaminated waters and they could cause a variety of illnesses in human 1) . Some viral infections are spread by means of continual transmission at lower levels through the environment 1) . Regardless of their concentration levels, viruses can persist longer than enteric bacteria 1) . It is thus unsafe to rely on bacteriological standards to assess the virology quality in any kind of water 1) . Besides the technical difficulties, it is impracticable to monitor the presence of all viral pathogens. F-specific RNA bacteriophages have been proposed as model viruses because of their similarity in size, structure, transport and persistency in the environment with many human enteric viruses 2, 3) . F-RNA bacteriophages, belonging to the family Leviviridae, have a single-stranded RNA genome within an icosahedral virion 4) . F-RNA bacteriophages can be classified genetically into four different subtypes (from GI to GIV) associated either with humans (GII and GIII) or animals (GI and GIV) 5) . The presence of F-RNA bacteriophages in water and sediment generally indicates viral pollution by wastewater contaminated with human and animal feces 6) . Human enteric viruses generally enter the water environment through the discharge of sewage-contaminated water 1) . In Japanese rural areas, where sewage systems are not available, a small-scale onsite wastewater treatment system for household wastewater, namely johkasou, has been widely applied 7, 8) . Currently, more than eight million johkasou are under operation, which include tandoku johkasou (67%, 5.6 million units) and gappei johkasou (33%, 2.8 million units) 8) . Gappei johkasou treats both black and grey water, is an improvement over the tandoku johkasou. It serves approximately forty million people 8, 9) . In order to meet Japan's regulation standards, tandoku johkasou was banned for new installation by the Japanese government in 2001 10) . The onsite domestic wastewater systems, including johkasou systems, are considered to be an effective means for wastewater treatment in rural areas, which are designed, located, and maintained satisfactorily. However, the treated waters of onsite domestic wastewater systems, which are generally discharged into open channels within the residential areas before entering the local receiving water body, contains many pollutants such as organic matters, nutrients, and microorganisms 11, 12) . For viruses, lab-scale johkasou could reduce approximately 80% of the viruses in the influent 13) . It is thus estimated that approximately 20% of the remaining viruses are discharged into the aquatic environment. The effluent can contribute to maintain sufficient water in open channels, enhancing the water circulation in the local areas, and contributing to the life of the aquatic organisms 8) . In addition, open channels receiving the effluents from johkasou may play a role in the transmission of several contaminants into the aquatic environment downstream, including viruses that cannot be completely removed by the johkasou system 11, 12) . However, little is known about the viral content in such open channels since most of the investigations conducted so far have focused mainly on the treatment performance of johkasou 13, 14) . Therefore, the objective of this study was to assess the contamination of viruses in the open channel receiving the johkasou effluents.
MATERIALS AND METHODS (1) Site description
The study site is located in Gifu, Japan, around a residential area where 37 households used the standard gappei johkasou and 3 households used the standard tandoku johkasou for treating household wastewaters (Fig. 1) 28, 2013 . Sediment samples were collected as sediment/water mixed liquors, the wet-weight of the sediments after settling by centrifugation 20-30 × g, using a tube with an inner diameter of 30 cm for Site 1, 2, 3, 5, and 6; and a tube with an inner diameter of 10 cm for Site 4 because the channel width of this site is small (only 35 cm). The mixed liquor from each site was collected by placing the sampling tube into the sediment bed, mixing the sediment enclosed within the tube with the overlaying water using a brush, and finally collecting the sediment as a mixture of sediment and the overlying water enclosed in the tube. The collected sediment samples were stored in 250-mL polypropylene sampling bottles inside cooler boxes and delivered to the laboratory on the day of collection for subsequent analysis. 15) .
b) F-RNA bacteriophages
The concentration of F-RNA bacteriophages in the samples was determined by plaque assay using the host strain Salmonella enterica serovar Typhimurium WG49 in accordance with the ISO standard 10705-1 16) . The sample was mixed with a small volume of semi-solid nutrient medium. A culture of host-strain was added and plated on nutrient medium. For water samples, 1 mL of the sample was directly inoculated into the agar medium. For sediment samples, 5 mL of sediment mixture was mixed with 5 mL of 6% beef extract, centrifuged at 12,000 × g for 10 min, and then 1 mL of supernatant was inoculated into the agar medium 17, 18) . Further incubation and reading of plates for visible plaques was carried out after incubation at 37 R C for 24 h. Simultaneous examination of parallel plates with added RNase was carried out for confirmation by differential counts. Each sample was tested in triplicate. The results were expressed as the number of plaque-forming particles per unit of volume (PFU/mL) for water and plaque-forming particles per unit weight of sediment (PFU/mg) for sediment. c) Qβ Bacteriophage Qβ was quantified using the real-time reverse transcription polymerase chain reactions (RT-PCR). Water samples were concentrated by using the adsorption-elution method 19) , with modified MgCl 2 final concentration (0.125 mM) to obtain stable results after confirming with pre-testing experiment. Magnesium ions were then removed by passing 200 mL of H 2 SO 4 (pH 3.0) through a filter, and the viruses were eluted with 10 mL of NaOH (pH 10.8).
The eluted sample was recovered in a tube containing 100 mM H 2 SO 4 (pH 1.0) and 100× Tris-EDTA buffer (pH 8.0) for neutralization and then stored at -80 R C for further analysis. For sediment, an aliquot (500 PL) of sediment mixture
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was mixed with 500 PL of 6% beef extract, centrifuged at 12,000 × g for 10 min, and then the supernatants were stored at -80 R C for further analysis 17, 18) . Viral RNA was extracted from 10 PL of eluted water and sediment samples by boiling (heating at 90 R C for 10 min and cooling at 4 R C for 1 min) in a thermal cycler (Thermal Cycler Dice Model TP800, Takara Bio Inc., Shiga, Japan). The extracted RNA solution was added to the ReverTraAce ® qPCR RT Master Mix Kit (Toyobo Co., LTD, Osaka, Japan) for the RT reaction according to the manufacturer's protocol, which included heating at 37 R C for 15 min and at 98 R C for 5 min, followed by cooling to 4 R C in the thermal cycler. RNA extraction and RT reaction were performed once for each sample because the preliminary investigation using replicates showed only slight differences in the virus concentrations. The cDNA obtained after the RT reaction was then amplified with the TaqMan detection probe using the Thunderbird TM Probe qPCR Mix (Toyobo Co., LTD, Osaka, Japan). One set of specific Qβ primers, including forward and reverse primers (5c-TCA AGC CGT GAT AGT CGT TCC TC-3c and 5c-AAT CGT TGG CAA TGG AAA GTG C-3c starting at base 49 and 187, respectively), and the probe (5c-CGA GCC GCG AAC ACA AGA ATT GA-3c starting at base 147) were used for real-time RT-PCR in the quantification of Qβ phages 20) . The specificity of the primers and probe, according to the manufacturer's protocol (BEX Co., LTD, Tokyo, Japan), are as follows: length 22-23 mer and 23 mer, GC content 45.5-52.2% and 52.2%, melting temperature 52.9-56.9 R C and 56.9 R C, 0.2 Pmol HPLC-grade 5c FAM/3c TAMRA. The amplification was conducted at 95 R C for 30 s for initial denaturation and 50 cycles of denaturation at 95 R C for 5 s and annealing at 60 R C for 30 s in the Thermal Cycler Dice Model TP800 (Takara Bio Inc., Shiga, Japan). The amplification and quantification were made in triplicate for each sample. The PCR-based viral concentration was expressed as PFU equivalent/mL (eqPFU/mL) in water and eqPFU/mg in sediment. This was determined by converting the number of cycles (Ct value) in the real-time RT-PCR amplification of the sample to the PFU In order to perform the quantification as accurately as possible, it is desirable that PCR efficiencies be in the range of 80-120%. The coexistence of PCR inhibitors that may derive from samples or reagents used in the RNA extraction can be confirmed from the PCR efficiency if it exceeds the theoretical figure 21) . In this study, the PCR efficiencies were in the range of 86-110% suggesting the absence of inhibitory substances and the high accuracy of quantification. Reduplication measurements confirmed the results. The detection limit of real-time RT-PCR for Qβ quantification was determined using a previously reported method 22, 23) . The results of the measurements showed that the detection limit was 1.0×10 2 eqPFU/mL.
(4) Statistical analysis
Statistical analyses were performed to evaluate the spatial and temporal variations of the viral concentrations. One-way analysis of variance (ANOVA) was used to determine possible significant differences of F-RNA bacteriophages within seasons and sites. Correlation analysis was performed using the non-parametric Spearman's rank correlation as not to assume normality of any parameters 24) . The terms "strong", "moderate", and "weak" were applied to factor loading and absolute loading values >0.75, 0.75-0.50, and 0.50-0.30, respectively 8) . All tests were carried out at 5% significant level. All mathematical statistical analyses were conducted using Microsoft Office Excel 2010 and IBM® SPSS® Statistic version 17.
RESULTS AND DISCUSSION (1) Basic water quality in the open channel
To understand the background situation in an open channel that receives effluents of johkasou, the basic water qualities of the open channel were 
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examined. Table 2 summarizes the measurement results (range, mean value, and standard deviation) from all the six sites during September 2011-January 2013. In order to know the specific characteristics, box and whisker plots are also used. Fig. 2 shows the box and whisker plots of TP, BOD, . The highest levels of BOD, TN, TP, and TC were found at Site 4 because this site receives only the gappei johkasou effluents, and there are no dilution effects from paddy fields and groundwater as for other sites. In Japan, the most stringent effluent standards of gappei johkasou are set at 10 mg/L BOD, 10 mg/L TN, 1 mg/L TP 25) , and for water quality standard TC is set at d5000 MPN/100 mL 26) . The average concentrations of BOD, TN, TP, and TC at Site 4 were 8, 11.64 and 1.41 mg/L, and 2.9×10 6 MPN/100 mL, respectively. Compared to the designated standard values in the Environmental Quality
Standards for the Conservation of the Living Environment for rivers and lakes 26) , the average values of TN, TP, and TC are higher. Although, Site 4 showed higher concentrations of TN, TP, and TC, significant effects cannot be observed downstream because of the high flow rate ratio (~1:30). However, the continuous disposal of the johkasou effluents has the potential to increase downstream pollution loads. At Site 1, the concentrations of TP, TN, BOD, and TC were relatively higher than those of the other sites along the open channel, because this site receives the effluents of the tandoku johkasou in its upper reach from other residential areas. A significant reduction of all parameters was found at Site 2 because groundwater is consistently supplied into the open channel. A slight increase in the concentrations of BOD, TP, and TC was found at Site 3 due to the tandoku johkasou effluents from three houses. The relatively equal concentrations between Site 5 and Site 6 confirm the absence of johkasou effluents as a source of contaminants. eqPFU/mg, respectively. The concentration of Qβ was higher than that of F-RNA bacteriophages, probably because the real time RT-PCR overestimated the number of intact virus, especially after disinfection, which inactivates viruses and allows their nucleic acids to remain 27) . Recent studies demonstrated that the persistence and behavior of F-RNA bacteriophages vary depending on their genogroups 28, 29) . To determine precisely the behavior of F-RNA bacteriophages in the open channel, further investigations on the genogroups are needed in the future.
(3) Spatial variation
In order to evaluate the factors that may affect the concentrations of viruses in the open channel, the spatial variation was evaluated. As shown in Fig. 3 , the concentrations of F-RNA bacteriophages and Qβ revealed spatial variations in the water and sediment of the open channel. In contrast to most parameters, which were at the highest concentration at Site 4, the highest concentration of F-RNA bacteriophages in water was found at Site 1. This is due to the fact that this site receives mostly effluents from house using tandoku johkasou that consist of treated black water and untreated grey water, both discharged into the open channel. Grey water corresponds to household wastewater from bathtubs, kitchen sink, washing machine, and hand basin that contain high levels of BOD, COD, nutrients, and microorganisms 30, 31) . This is also confirmed by other physicochemical parameters and total coliform at Site 1 whose values were relatively higher than those of other sites on the open channel. Further investigation confirmed that approximately 10 2 PFU/mL F-RNA bacteriophages and approximately 10 4 eqPFU/mL Qβ were contained in the effluent of a house using a tandoku johkasou, possibly reflecting the virus concentrations at Site 1. The highest reduction of F-RNA bacteriophages as well as other parameters was found at Site 2 because groundwater is consistently supplied into the open channel,
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between Site 1 and Site 2, that dilutes the concentration of viruses and other parameters. Between Site 2 and Site 3, there was a slight decrease in the concentration of F-RNA bacteriophages and a slight increase in the concentrations of Qβ, both in water and sediment. This suggests that the three tandoku johkasou effluents contribute to load viruses into the open channel but that most of the viruses are inactive. At Site 4, the concentration of F-RNA bacteriophages was lower than that at other sites, but the concentration of Qβ was relatively the same as that 
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of other sites, both in water and sediment. This indicates the virus-reducing effect of gappei johkasou. However, low concentration of F-RNA bacteriophages could still be detected in the effluents of gappei johkasou because the solid particles to which the viruses are attached may protect them from the inactivation by disinfection 32) . The slight increase in the concentration of F-RNA bacteriophages in the sediment of Site 5 could be obtained due to the effects of effluents from upstream and gappei johkasou at Site 4. As shown in Fig. 4 , the deposition of F-RNA bacteriophages occasionally occurred in the open channel. However, the deposition cannot be observed every time, thus suggesting that other factors may affect the concentration of viruses in the sediment. As suggested by Bloesch (1994) and Shen (1996) , re-suspension and sediment flushing may have various effects on the quality of water and sediment 33, 34) . Between Site 5 and Site 6, no significant changes in the concentration of F-RNA bacteriophages as well as other physicochemical parameters were found because there were no sources of johkasou. The presence of F-RNA bacteriophages and Qβ and the increasing amount of DS in the downstream sediment indicate that the virus associated with the sediment can be transported and deposited over distances 35) . To determine the significant variances of F-RNA bacteriophages and Qβ among the sites (Site 1-Site 6), one-way ANOVA was performed. As shown in Table 3 , a significant variance was revealed in the sediment at Site 1 compared to all the other sites for F-RNA bacteriophages, and at Site 1, 3 and 6 compared to all the other sites for Qβ. This indicates that Site 1 is a hot spot of F-RNA bacteriophages and Qβ because this site receives the effluents from tandoku johkasou that contains high amounts of viruses and other contaminants.
(4) Temporal variation
In order to evaluate the temporal function that may affect the concentration of F-RNA bacteriophages in the open channel, the temporal variations in the concentration of F-RNA bacteriophages both in water and sediment, water temperature, and flow rate were evaluated during the sampling period. The flow rate of Site 1 was affected by irrigation water, while the flow rate of Site 4 mainly depended on the effluents of johkasou. As shown in Fig. 5 , the temporal variations of F-RNA bacteriophage concentration, water temperature, and flow rate at both Site 1 and Site 4 are observed. The water temperature shows temporal variations with the highest temperature was in the summer (August), while the lowest was in the winter (January) for both Site 1 and Site 4. The flow rate shows significant temporal variations for Site 1 but not for Site 4 and the different level of flow rate suggests that the open channel is highly affected by irrigation water. The highest flow rate at Site 1 was reached in May and August because most water comes from agriculture land, while at Site 4 it was relatively stable because water mainly comes from domestic activities. The temporal variations of the concentration of F-RNA bacteriophages could be found both in water and 
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sediment but there was no correlation with temperature. This suggests that the flow rate is a factor of the temporal variation. The concentration of F-RNA bacteriophages in water was the lowest in May possibly due to dilution by the irrigation water. The highest concentration of F-RNA bacteriophages in the sediment was found in January, possibly due to the relatively low dilution. The concentration of viruses in March and January were significantly different, although the water temperature and flow rate were almost the same. This suggests that not only the flow rate but also other factors may affect the concentration of viruses. To identify the significant differences of the viruses concentration among the seasons (spring, autumn, and winter), one-way ANOVA was performed. As shown in Table 5 summarizes the coefficient correlations between F-RNA bacteriophages and other parameters. The highlighted values are significant at the 95% confidence level (p < 0.05). As shown in Table 5 , in the water, only F-RNA bacteriophages have statistically significant positive correlations to DS, VS, TP, and Cl -(r = 0.414, 0.480, 0.479, and 0.607, respectively; p < 0.05) and significantly negative correlations to total chlorine, flow rate and pH (r = -0.600, -0.359, and -0.347, respectively; p < 0.05). In the sediment, F-RNA bacteriophages have a positive significant correlation to SS and a negative 
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significant correlation to pH (r = 0.368 and -0.389, respectively; p < 0.05). The Qβ in the sediments has a significantly positive correlation to F-RNA bacteriophages in the water (r = 0.975). The interactions between the viruses in the water and the viruses in the sediment, intended as attachment of the viruses onto the sediment particles and their re-suspension from the sediment bed into the water phase, possibly occurred due to the strong correlation between F-RNA bacteriophages in the water and Qβ in the sediment and to the significantly positive correlation of F-RNA bacteriophages in the water with the VS and DS. As suggested by Rehmann and Soupir (2005) , the re-suspension of microbes from the sediment bed can be a major source for the stream water 8, 36) . Previous studies have also shown that the water flow over the sediment can affect the vertical diffusive flux of solutes because the solute concentration profile near the sediment/water interface varies with the flow velocity 8, 37) . Moderate positive correlation of F-RNA bacteriophages in the water with TP and Cl -suggest the contribution of the johkasou effluent as a source of contaminants, including viruses, in the open channel. The decrease in the concentration of viruses possibly occurred due to chlorination and dilution by other water sources in the open channel, because a moderate negative correlation of F-RNA bacteriophages in the water with total chlorine and flow rate was observed.
CONCLUSIONS
The presence of F-RNA bacteriophages and Qβ both in water and sediment of the open channel suggests that the open channel receiving the johkasou effluents plays an important role as a reservoir of enteric viruses. The significant variances of F-RNA bacteriophages in the sediment at the site that receives the tandoku johkasou effluents indicate that this site can be a potential source of viruses. The spatial variations revealed the contribution of johkasou effluents in driving the concentration of viruses along an open channel and indicated that dilution by groundwater is a major reduction factor in this study. Significant temporal variations in the concentration of F-RNA bacteriophages were also observed both in the effluents of johkasou and in the open channel. Furthermore, the significantly positive correlation of F-RNA bacteriophages with VS and DS suggests the existence of interactions between viruses and sediment particles that seem to be carriers of viruses in the open channel. In order to improve the quality of the downstream water environment and the living environment of many residential areas that use johkasou systems, more comprehensive studies are required. 
